The role of invariant water molecules in the activity of plant cysteine protease is ubiquitous in nature. On analysing the 11 different Protein DataBank (PDB) structures of plant thiol proteases, the two invariant water molecules W1 and W2 (W220 and W222 in the template 1PPN structure) were observed to form H-bonds with the O b atom of Asn 175. Extensive energy minimization and molecular dynamics simulation studies up to 2 ns on all the PDB and solvated structures clearly revealed the involvement of the H-bonding association of the two water molecules in fi xing the orientation of the asparagine residue of the catalytic triad. From this study, it is suggested that H-bonding of the water molecule at the W1 invariant site better stabilizes the Asn residue at the active site of the catalytic triad.
Introduction
Cysteine proteases are responsible for intracellular proteolysis of various types and an abnormal increase in their activity results in the degradation of muscle proteins (Komatsu et al 1986) . Their activity is mainly controlled by the three residues, Cys 25, His 159 and Asn 175 of the catalytic triad (Polgár 1974) . The papain molecule is folded to form two interacting domains, each comprising residues from both the N-and C-terminal sections of the polypeptide, which are separated by a cleft containing the active site. His 159, located at the β-sheet of the right domain, can polarize and interact with the SH group of Cys 25 at the N-terminus of the L1 α-helix of the left domain, forming a thiolateimidazolium ion-pair which infl uences the substrate-or inhibitor-binding propensity of the protein (Polgár 1974) . Asn 175 is found to stabilize the thiolate-imidazolium ion-pair (Vernet et al 1995) through the formation of an Hbond between its side chain amide oxygen atom and N E2 H atom of the catalytic His 159. Since this bond is observed to be collinear to the covalent C β -Cγ bond of His 159, the imidazole ring rotates about this bond without disrupting the hydrogen bond (Vernet et al 1995) . Thus, the imidazole ring stays in an optimum position during the catalytic process.
In this study, we investigated the role of conserved water molecules around Asn 175 and their involvement in hydrogen-bonding interactions. It is proposed that the hydrogen bonds formed by oxygen atoms in water could infl uence the interaction of this Asn towards the catalytic triad. However, among the 13 conserved water molecules from the 11 different X-ray structures (with resolutions higher than 2.20 Å) of plant thiol proteases (table 1), only two are observed to form H-bonds with Asn 175 through the peptide backbone oxygen (O b ) atom. The average distances between these two conserved water molecules fall between 5.4 and 5.8 Å and they subtend an angle of ~120°-130° with the O b of Asn 175. The role of one of these two water molecules (W222, which occupies the hydrophilic site of 1PPN) has recently been described (O'Farrell and Joshua-Tor 2007) . However, the other conserved water molecule (W220 in 1PPN) occupies a position that seems to hold the Cys 25 and Gln 19 residues (which are involved in the oxyanion intermediate) in the proper position through the H-bond with both the O b atom of Asn 175 and N b atom of Lys 17. Thus, determining the role of Asn 175 in the catalytic process, that is, ion-pair stabilization, is thought to be important.
Materials and methods
All the X-ray structures of plant thiol proteases were taken from the Protein Data Bank (PDB) (Berman et al 2000) and their important parameters are included in table 1. Only one molecule was observed to be present in all the crystals -1PPN (Pickersgill et al 1992) , 9PAP (Kamphuis et al 1984) , 1PE6 (Yamamoto et al 1991) , 1PPP (Kim et al 1992) , 1KHP (Janowski et al 2004) , 1KHQ (Janowski et al 2004) , 1BP4 (LaLonde et al 1998), 1AEC (Varughese et al 1992) , 2ACT (Baker and Dodson 1980) , 1MEG (Katerelos et al 1996) , 2CIO (Alphey and Hunter 2006) . Two other mutant structures, 2DZZ (O'Farrell and Joshua-Tor 2007) and 2E00 (O'Farrell and Joshua-Tor 2007) , of bleomycin hydrolases were also included for the molecular dynamics (MD)-simulation studies only.
Identifi cation of conserved structural water molecules
The conserved water molecules of plant thiol proteases in their X-ray structures (table 1) were identifi ed by a standard leastsquare fi tting algorithm using the Swiss PDB Viewer program (Guex et al 2001) . The X-ray structure of 1PPN was taken as the template and the reference structures were superimposed on the backbone atoms of the template structure and the root mean square deviation (RMSD) values were within ~0.3-0.7 Å. After superimposing the concerned individual structures on the template (1PPN), the conserved water molecule occupation sites were compared and located between the two respective structures included in table 2. Water molecules that were found to be within 1.5 Å (Mustata and Briggs 2004) in the PDB structures were taken as conserved.
Water mobility
The mobility of the crystal water molecules was calculated by using the respective B-factors (Mustata and Briggs 2004) .
where BWi represents the temperature factor for the particular crystal water molecule, and B-aver denotes the average temperature factor for all the water molecules present in the respective X-ray structures. Occupancy of OWi indicates occupancy for ith water molecule (usually 1) and O-aver is the average occupancy of all water molecules present in the individual structure.
Energy minimization of PDB structures
All the PDB structures of plant thiol proteases (including water molecules) were taken for energy minimization. 
This was performed by a GROMOS 96 force fi eld (Van Gunsteren and Mark 1992) (500 steps of the steepest descent followed by 1000 cycles of conjugate gradient) implemented in the Swiss PDB Viewer program with a 10 Å cut-off distance (Pisabarro et al 1994) for non-bonded interactions and a distance-dependent dielectric constant. During minimization, all residues and water molecules were allowed to move freely.
Solvation
All the water molecules and inhibitors present in the Xray structures were removed and all the PDB structures were then solvated by using the conditional hydrophobic accessible surface area (CHASA) program (Fleming et al 2005) .
MD simulation
The 22 PDB-and CHASA-solvated structures were initially energy-minimized (100 cycles to eliminate initial contacts which would destabilize the integrator) using the CHARMM force fi eld (Brooks et al 1983) . After energy minimization, all the aquated structures (crystal and CHASA water molecules) were simulated using auto-interactive molecular dynamics (IMD) connected between the visualization program Visual Molecular Dynamics v. 1.8.5 and the MD program Nanoscale Molecular Dynamics v. 2.6 (Nelson et al 1996; Phillips et al 2005) . The simulation was run on a workstation Xeon® 5160 hardware system of 3 GHz and 2 Gb RAM. MD simulations were performed for every structure by selecting a 10 Å zone around the Asn 175 residue of the catalytic triad for the IMD molten zone and fi xing an 8 Å zone around the IMD-molten zone for the IMD-fi xed zone. The MD of all the structures were followed for 2 ns at 300 K temperature and a 2 fs time-step by means of Langevin dynamics using the CHARMM force fi eld, which relaxed the water molecules and propagated them towards the structural equilibrium position. The fl uctuations in potential energy, kinetic energy and total energy were monitored. Plots of the potential energy and kinetic energy against time at constant temperature revealed that the equilibrium was closed when the average potential energy and kinetic energy were constant, and the simulations were adequately converged within 2 ns. Different snapshots were taken at 0.5 ns intervals during the 2 ns simulation, which clearly revealed similar types of water-mediated Hbond distances between different residues of the protein structures. Moreover, the two other mutant X-ray structures (2DZZ and 2E00) of bleomycin hydrolase were also simulated for up to 2ns.
Results and discussion
On detailed analysis of the X-ray structures, 13 water molecules were found to be structurally conserved in all the eleven plant thiol proteases (table 2). The two conserved water molecules W220 and W222 were seen to interact with Asn 175 of the catalytic triad in the template 1PPN structure and the equivalent conserved water molecules in the other The asparagine residue of the catalytic triad has been found to form two more H-bonds, one with the backbone nitrogen (N b ) atom of Asn to the backbone oxygen (O b ) atom of Gly 185 at an average distance of 3.2 Å, and the other with the side chain oxygen atom of Asn with the backbone nitrogen (N b ) atom of the Ser 176 residue at an average distance of 2.90 Å .
In all the X-ray structures, the W1 water molecule was observed to be present within H-bonding distance from both the O b atom of the catalytic Asn 175 residue and backbone nitrogen (N b ) atom from Lys 17 (Arg 17 in 1MEG) (fi gure 1) with an O b to W1 to N b angle ~120° (table 3) . Interestingly, another water molecule was also observed to form an Hbond with the W1 water molecule in all the PDB structures. The appearance of a water molecule at the W1 site has also been indicated and supported in the auto-solvated (CHASA) X-ray structures and energy-minimized structures (table 4) , although no other water molecule was observed to occupy the W2 water molecule position in the solvated PDB structures.
Besides the biological or structural importance of the W2 water molecule, the involvement of the W1 water molecule in the Cys 25-His 159 ion-pair stabilization through interaction with Asn 175 was also seen in all the energy-minimized structures. After energy minimization, the W2 water molecule shifts from 2.80 Å to an average distance of 5.95 Å from the Asn 175 O b atom, whereas the W1 water molecule almost retains its original previous position. However, if the two water molecules W1 and W2 are removed from the structures and all the other water molecules are retained, energy minimization reveals the appearance of a new water molecule (W219 in 1PPN) at the W1 site near Asn 175. This W219 water molecule (which is not H-bonded to any residue of the protein) is at a distance of ~2.68 Å from the W1 invariant site. However, no water molecules are observed within 3.5 Å of the conserved molecular position of W2. Again, following energy minimization, retaining all water molecules except W1 reveals the appearance of another water molecule at the W1 invariant site, which indicates the importance of the hydrophilic W1 water molecule. Thus, the invariant position of the W1 water molecule may be indispensable in the architecture of the papain fold or protease activity.
The MD simulation studies of three CHASA-solvated PDB structures (1KHP, 2ACT and 1AEC) clearly revealed the presence of the W1 water molecule at a conserved hydrophilic centre. However, another water molecule was observed to occupy the position during the 2 ns simulation of the 1PE6, 1PPP, 1BP4 and 2CIO structures. During the simulation, the W1 water molecule was observed to form H-bonds with both the O b of Asn 175 and N b atom of Lys 17 at average distances of ~2.67-3.3 Å and ~2.97-3.23 Å, respectively, in the CHASA-solvated and X-ray structures (table 5) (fi gure 2). Some discrepancies in the H-bond distances were observed in the 9PAP and 1MEG structures. It should be noted that the W2 water molecule site was not found to be occupied during MD simulation in all CHASAsolvated structures, implying that H-bonding of the W1 water molecular site is more pertinent when compared with the W2 conserved centre. During the simulation of up to 2 ns, the consecutive fl uctuation of W1 to O b (Asn 175) H-bond lengths was from 2.81 to 3.45 Å, and W2 to O b (Asn 175) was 2.64 to 3.37 Å (at successive 0.5 ns intervals). The RMSD calculation of the backbone atoms of individual conformation (relative to the minimized crystal structures) at different time intervals showed the involvement of the W1 and W2 water molecules in fi xing the orientation of the Asn residue of the catalytic triad. The involvement of the two water molecules was further studied by MD simulation of the two mutant (X-ray) structures, 2DZZ and 2E00. On analysis of the MD simulation of 2DZZ (where Asn 392 is mutated by Valine), no water molecule was found to occupy the W1 and W2 invariant sites, and the SG atom of the catalytic Cys 73 residue shifted by around 0.9 Å. But in 2E00 (where Asn 392 is mutated by Leucine), the two water molecules were found to occupy the W1 and W2 invariant sites and the SG atom of the catalytic Cys 73 shifts by 0.3 Å only. With the fl uctuation of the H-bond distances between the water molecules and backbone oxygen atom, the side-chain orientation of the catalytic asparagine may possibly change due to the change in the H-bonding pattern of Asn during simulation. Hence, the W1 and W2 water molecules may be thought to play a role in fi xing the orientation of the side chain of catalytic Asn and thus controlling the H-bond distances between its side chain amide oxygen atom and the N E2 H atom of the imidazole ring of catalytic His 159.
Conclusions
These results suggest that both the water molecules (W220 and W222 of 1PPN) at the W1 and W2 invariant sites are responsible for orientating the asparagine residue of the catalytic triad, which is important for the formation of the H-bond between its side chain amide oxygen atom and the N E2 H atom of the imidazole ring of catalytic His 159. From this study, it is suggested that H-bonding of the invariant site of the W1 water molecule is more important in stabilizing the asparagine residue at the active site of the catalytic triad. 
